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(57) ABSTRACT

In multilayer wholly solid lithium ion secondary batteries, a
laminate having a collector layer of material with high con-
ductivity superimposed on an active material layer has been
disposed so as to attain a lowering of battery impedance.
Consequently, in the fabrication of each of positive electrode
layer and negative electrode layer, stacking of three layers
consisting of an active material layer, a collector layer and an
active material layer has been needed, thereby posing the
problem of complex processing and high production cost. In
the invention, a positive electrode layer and a negative elec-
trode layer are fabricated from paste consisting of active
material mixed with conductive substance in a given mixing
ratio, and no collector layer is disposed. This realizes process
simplification and manufacturing cost reduction without
deterioration of battery performance and has also been effec-
tive in enhancing of battery performance, such as improve-
ment to cycle characteristics.

16 Claims, 16 Drawing Sheets

{a)

1]

(e) Ty

AN I

]



U.S. Patent Jan. 12, 2016 Sheet 1 of 16 US 9,236,594 B2

Fig |

(a)

: A e
(b) T ) 1
VYA

7/////////////////

10, S
() NUNILVINARVINARIARA SR 2 )
YOS EeeA
AATALEARARLANNARA AR ANNANANAN AN 12

V2l mr 7l s

(d)

(e)

25‘\\ 




U.S. Patent Jan. 12, 2016 Sheet 2 of 16 US 9,236,594 B2

Fig 2
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Fig 3
Gonductivity, discharge capacity vs. volume mixing ratio
of positive electrode active material to conductive material
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Fig 4

Conductivity, discharge capaci ty vs. volume mixing ratio
of negative electrode active material to conductive material
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Fig 5
Charge—discharge behavior vs. the volume mixing
ratio of positive electrode active material
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Cell voltage (V)
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Charge—discharge behav ior vs. the volume mixing
ratio of negative electrode active material
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SEM photographs of green—sheet cross—section

(a) The cross—section of a positive electrode
The volume mixing ratio of active material = 31.8Vol%

(b) The cross—section of a negative electrode

The volume mixing ratio of active material = 41.6Vol%

*»
A T g
T BRI




U.S. Patent Jan. 12, 2016 Sheet 8 of 16 US 9,236,594 B2

Fig 8

A SEM photograph of sintered material cross—section

Active material is shown as black part and
conductive material is shown as white part

(a) The mixture of positive electrode active material
(LiMn,0,) and conductive material (Ag®Pd'®)

Volume mixing ratio of active material = 15, 1Vol%
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Fig 9
Volume mixing ratio of active material = 50.6Vol%
Active material
- Conductive material
Volume mixing ratio of active material = 72. 3Vol%
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Fig 10

(b) The mixture of negative el ectrode active material
(Li,,Tig,0,) and conductive material (Ag®Pd'®)
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Fig 11

Volume mixing ratio of active material = 61.6Vol%

Volume mixing ratio of active material = 81. 1Voli%
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Fig 12
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Fig 13
Battery cell cross—section after sintering
(a) SEM image
Cover layer (solid electrolyte layer)
Negative -~ R _ /
electrode layer
L e B
;
v \
Positive

electrode layer

Cover laver (solid electrolyte layer)

(b) EDS image

Gray part: conductive material
Black part: negative electrode active material

Gray part: conductive material
Biack part: positive electrode active material
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Fig 15

The dependency of conductivity on the volume
mixing ratio of active mater ial to conductive material
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1
LITHIUM ION SECONDARY BATTERY AND
PROCESS FOR MANUFACTURING THE
SAME

TECHNICAL FIELD

The present invention relates to a multilayer all solid state
lithium ion secondary battery including a laminate having a
positive electrode layer, a solid electrolyte layer, and a nega-
tive electrode layer.

BACKGROUND ART

(Patent Reference 1)
JP-A-2006-261008
(Patent Reference 2)
JP-A-2000-285910
(Patent Reference 3)
JP-A-2007-5279

In recent years, electronics has been remarkably devel-
oped, which has enabled the production of small lightweight
thin portable electronic devices with multiple functions.
Accordingly, a demand for small lightweight thin reliable
batteries as power source for such portable electronic devices
has been rapidly increased. In response to the demand, a
multilayer lithium ion secondary battery with a laminate
where positive electrode layers and negative electrode layers
are stacked via solid electrolyte layers. A multilayer lithium
ion secondary battery is fabricated by stacking battery cells
having a thickness of tens of um, so that it can be easily
realized to produce small lightweight thin batteries. Espe-
cially, parallel type or serial-parallel type multilayer batteries
are superior in that they have high discharge capacity even
when the battery cell area is small. And all solid state lithium
ion secondary batteries using solid electrolyte material in
place of electrolyte liquid are reliable without problems such
as liquid leakage or liquid evaporation. Furthermore, high
unit cell voltage and high energy density can be obtained
because they are batteries using lithium.

As for a multilayer all solid state lithium ion secondary
battery, a battery is suggested according to Patent Reference
1, where a negative electrode layer, a collector, a negative
electrode layer, a electrolyte layer, a positive electrode layer,
a collector, and a positive electrode layer are stacked one on
top of the other in sequence. FIG. 16 is cross-sectional dia-
grams of a conventional lithium ion secondary battery. In a
battery 101, a collector layer 105 disposed between positive
electrode layers 103 and a collector layer 106 disposed
between negative layers 104 are stacked interposed by an
electrolyte layer 102. The battery shown in FIG. 16 is a
parallel type battery where a positive electrode terminal 107
and a negative electrode terminal 108, which are the output
terminals of the battery, are disposed along the sides of the
laminate and contact with positive electrode layers 103 and
negative electrode layers 104, respectively. The battery
described in Patent Reference 1 consists of a positive elec-
trode layer and a negative electrode layer made of only active
material. Active material such as metal oxide or metal sulfide
is described as preferred material for a positive electrode, and
active material such as metal lithium or lithium alloy is
described, as preferred material for a negative electrode.

As shown in FIG. 16, the distance from an electrode ter-
minal to the edge of an electrode layer (positive electrode and
negative electrode) is comparatively long in parallel multi-
layer batteries. And, among active material used for a lithium
ion battery, oxide material has advantage that lithium ion
migration causes small volume change of the electrode layer
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and hardly causes pulverization and abrasion, but at the same
time it has disadvantage that its electrical conductivity is low.
When electrical resistance in an electrode layer is high, the
internal impedance of the battery is high, then discharge
characteristic on load degrades, and discharge capacity
decreases. Corresponding to these problems, a battery struc-
ture is adopted to reduce electrode impedance by stacking a
collector layer with high conductivity on an electrode layer
with low conductivity in Patent Reference 1.

However, to fabricate a battery with such a structure, coat-
ing and drying process is necessary for the formation of an
electrode layer, a collector layer, and an electrode layer for
each of a positive electrode layer and a negative electrode
layer. Furthermore, alignment process is necessary to align an
electrode layer and a collector layer. So, especially in the case
that many layers are stacked, the manufacturing process is
complicated and eventually the production cost is high. Since
many coating and drying processes are repeated, resulting
battery manufacturing yield will become quite low due to the
intensity drop and damage (sheet-attack) of an electrolyte
layer which is disposed under an electrode layer or a collector
layer caused by solvent used in the formation process of the
electrode layer and the electrolyte layer.

Patent Reference 2 describes attempted procedure to
reduce the electrical resistivity of an electrode layer itselfin a
multilayer lithium battery. Patent Reference 2 describes a
lithium battery having an electrode layer composed of sin-
tered material including solid electrolyte material and metal
oxide where electrically conductive particles are diversified.
To form an electrode layer, metal oxide which is active mate-
rial, solid electrolyte material, and electrically conductive
particles are mixed with a weight ratio of 8:1:1. Solid elec-
trolyte material is mixed so as to widen the contact area
between active material and solid electrolyte material and
lower the impedance in the electrode.

However, this technology has a problem that battery energy
density is low because solid electrolyte material is included in
the electrode layer and sufficient active material cannot be
mixed in the electrode layer. Also sufficient amount of con-
ductive particles cannot be mixed in the electrode layer by the
same reason. Furthermore, since conductive particles are
diversified in electrolyte material in the electrode, they con-
tact with each other by point-contact or they do not contact at
all, so that impedance reduction of the battery electrode can-
not be effectively accomplished. This is also supported by the
embodiment of Patent Reference 2 describing a battery hav-
ing a collector layer to reduce impedance in addition to an
electrode layer. This description shows that, by using the
technology disclosed by Patent Reference 2, some minor
reduction of impedance can be obtained by mixing conduc-
tive particles in the electrode, but satisfactory reduction of
impedance cannot be obtained in order to fabricate high-
performance batteries without using collector layers.

Accordingly, the present invention is intended to solve
above problems and provide lithium ion secondary battery
and manufacturing method thereof which enables to reduce
electrode impedance, to simplify manufacturing process, and
to reduce production cost without using collector layers in a
multilayer all solid state lithium ion secondary battery includ-
ing a laminate having a positive electrode layer, a solid elec-
trolyte layer, and a negative electrode layer.

DISCLOSURE OF THE INVENTION

The present invention refers to a lithium ion secondary
battery, which is a multilayer all solid state battery including
a laminate in which a positive electrode layer and a negative
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electrode layer are stacked alternately interposed by a solid
electrolyte layer, said positive electrode layer and/or said
negative electrode layer having a structure where active mate-
rial is supported by conductive matrix composed of conduc-
tive material, wherein the area ratio of said active material to
said conductive material ranges from 20:80 to 65:35 at the
cross-sectional surface of said positive electrode layer and/or
said negative electrode layer.

Accordingly, the following effects will be obtained:

1. By mixing active material and conductive material with a
certain mixture ratio in order that the area ratio of the active
material to the conductive material ranges from 20:80 to
65:35 at the cross-sectional surface of an electrode layer, the
structure of a battery becomes the one where active matrix
material is supported by conductive matrix which supplement
low conductive active material with its high electrical con-
ductivity, accordingly battery performance is improved. For
example, impedance reduction and discharge capacity
increase will be achieved.

2. An electrode layer having a single sub-layer works as both
of an active material layer and a collector layer both of which
are used in the conventional battery. Since a collector is not
essentially needed in a battery according to the invention,
process simplification, process reduction, and sheet attack
prevention will be achieved.

3. Active material is entwined with conductive material by the
structure of an electrode where active material is supported by
conductive matrix, so that the expansion and contraction of a
battery due to charge-discharge cycle will be suppressed
which consequently prevents abrasion of active material from
conductive material, and charge-discharge characteristics
will be effectively improved.

4. It will be possible to adopt active material, which used to be
the material difficult to adopt due to its poor conductivity, as
utilizable active material for the electrode of a lithium ion
secondary battery.

A lithium ion secondary battery of the present invention is
preferably characterized by having

aplurality of battery unit cells, each unit cell composed of
a laminate, connected in parallel, in series, or in series-paral-
lel combination,

the laminate which is formed using the method including
the steps of: stacking a positive electrode layer, a solid elec-
trolyte layer, and a negative electrode layer to form the lami-
nate, and co-firing the laminate.

Accordingly, in particular, in a multilayer battery where
terminals are disposed in the side surfaces of the battery and
battery cells are connected in parallel, in series, or in series-
parallel combination, battery performance will be especially
improved. For example, impedance reduction due to elec-
trode conductivity improvement and discharge capacity
increase will be achieved. Also, the junction state at the inter-
face will be improved so that battery impedance will be effec-
tively reduced.

Also a lithium ion secondary battery of the present inven-
tion is characterized by having electrode layers wherein
active material is preferably compound consisting of transi-
tion metal oxide or transition metal composite oxide,

and more preferably one compound or more than two com-
pounds selected from the group consisting of lithium manga-
nese composite oxide, lithium nickel composite oxide,
lithium cobalt composite oxide, lithium vanadium composite
oxide, lithium titanium composite oxide, manganese dioxide,
titanium oxide, niobium oxide, vanadium oxide, tungsten
oxide.
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Accordingly, the volume change of an electrode due to
lithium ion movement will be smaller, electrode pulverization
and abrasion will be prevented, and the reliability of a battery
will be improved.

Also a lithium ion secondary battery of the present inven-
tion is characterized by having electrode layers wherein con-
ductive material is preferably metal selected from the group
consisting of silver, palladium, gold, platinum, aluminum, or
alloy composed of more than two metals selected from the
group consisting of silver, palladium, gold, platinum, copper,
aluminum.

Also a lithium ion secondary battery of the present inven-
tion is characterized by having electrode layers wherein
active material for positive electrode layer is preferably
lithium manganese composite oxide, active material for nega-
tive electrode layer is preferably lithium titanium composite
oxide, conductive material is silver palladium.

Also, preferably, conductivity of above positive electrode
layer and above negative electrode layer is not less than 1x10"
S/cm.

Accordingly, battery performance will be improved. For
example, impedance reduction and discharge capacity
increase will be achieved

The present invention refers to a manufacturing method of
a lithium ion secondary battery comprising the steps of:

dispersing solid electrolyte material in binder and solvent
to form paste for solid electrolyte layer,

coating and drying said paste for solid electrolyte layer to
form green-sheet for solid electrolyte layer,

mixing active material and conductive material to form
mixture and dispersing said mixture in binder and solvent to
form paste for positive electrode layer and/or negative elec-
trode layer,

coating and drying said paste for positive electrode layer
and/or said paste for negative electrode layer to form green-
sheet for positive electrode layer and/or green-sheet for nega-
tive electrode layer,

stacking said green-sheet for positive electrode layer and
said green-sheet for negative electrode layer alternately inter-
posed by said green-sheet for solid electrolyte layer to form a
laminate,

and co-firing said laminate to form a sintered laminate,
wherein

volume mixing ratio of said active material and said con-
ductive material ranges from 20:80 to 65:35.

Accordingly, the following effects will be obtained:

1. By mixing active material and conductive material with a
certain mixture ratio in order that the area ratio of the active
material to the conductive material ranges from 20:80 to
65:35 at the cross-sectional surface of an electrode layer, the
structure of a battery becomes the one where active matrix
material is supported by conductive matrix which supplement
low conductive active material with its high electrical con-
ductivity, accordingly battery performance is improved. For
example, impedance reduction and discharge capacity
increase will be achieved.

2. An electrode layer having a single sub-layer works as both
of'an active material layer and a collector layer both of which
are used in the conventional battery. Since a collector is not
essentially needed in a battery according to the invention,
process simplification, process reduction, and sheet attack
prevention will be achieved.

3. Active material is entwined with conductive material by the
structure of an electrode where active material is supported by
conductive matrix, so that the expansion and contraction of a
battery due to charge-discharge cycle will be suppressed
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which consequently prevents abrasion of active material from
conductive material, and charge-discharge characteristics
will be effectively improved.

4. It will be possible to adopt active material, which used to be
the material difficult to adopt due to its poor conductivity, as
utilizable active material for the electrode of a lithium ion
secondary battery.

A manufacturing method of a lithium ion secondary bat-
tery of the present invention is characterized by that

above active material to form above paste for positive
electrode layer is positive electrode active material powder,

above active material to form above paste for negative
electrode layer is negative electrode active material powder,

above conductive material is conductive material powder,

grain size of above positive electrode active material pow-
der, above negative electrode material powder, and conduc-
tive material powder is not greater than 3 pm,

grain size ratio of above positive electrode active material
powder to above conductive material powder ranges from
1:50 to 50:1,

and grain size ratio of above negative electrode active
material powder to above conductive material powder ranges
from 1:50 to 50:1.

Accordingly, conductive matrix with high continuity and
high conductivity in an electrode will be formed.

Also a manufacturing method of a lithium ion secondary
battery of the present invention is characterized by that

above active material is one compound or more than two
compounds selected from the group consisting of lithium
manganese composite oxide, lithium nickel composite oxide,
lithium cobalt composite oxide, lithium vanadium composite
oxide, lithium titanium composite oxide, manganese dioxide,
titanium oxide, niobium oxide, vanadium oxide, tungsten
oxide,

and above conductive material is metal selected from the
group consisting of silver, palladium, gold, platinum, alumi-
num, or alloy composed of more than two metals selected
from the group consisting of silver, palladium, gold, plati-
num, copper, aluminum.

And also, in particular, a lithium ion secondary battery of
the present invention is characterized by having electrode
layers wherein active material for positive electrode layer is
preferably LiMn,O,, active material for negative electrode
layer is preferably Li, ;Ti5,;O,, conductive material is silver-
palladium alloy and/or the mixture of silver and palladium.

Also, preferably, sintering temperature to form above sin-
tered laminate is not lower than 600° C., and not, higher than
1100° C.

Accordingly, since sintering is conducted at preferable
temperature, conductive matrix with high continuity and high
conductivity will be formed in the electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 (a)-(e) are cross-sectional diagrams of lithium ion
secondary battery of the present invention.

FIG. 2 (a)-(e) are cross-sectional diagrams of lithium ion
secondary battery according to the manufacturing method of
the present invention.

FIG. 3 is a graph illustrating the dependency of conductiv-
ity and discharge capacity on the volume mixture ratio of
positive electrode active material.

FIG. 4 is a graph illustrating the dependency of conductiv-
ity and discharge capacity on the volume mixture ratio of
negative electrode active material.
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FIG. 5 is a graph illustrating the dependency of charge-
discharge behavior on the volume mixture ratio of positive
electrode active material.

FIG. 6 is a graph illustrating the dependency of charge-
discharge behavior on the volume mixture ratio of negative
electrode active material.

FIGS. 7 (a), (b) are SEM photographs of green-sheet cross-
section before sintering.

FIG. 8 is a SEM photograph of positive electrode after
sintering.

FIG. 9 is a SEM photograph of positive electrode after
sintering.

FIG. 10 is a SEM photograph of negative electrode after
sintering.

FIG. 11 is a SEM photograph of negative electrode after
sintering.

FIG. 12 (a)-(c) are the explanatory diagram of cross-sec-
tional electrode structure for each step of manufacturing pro-
cess.

FIGS. 13 (a), (b) are the SEM image and the EDS image of
a cross-sectional battery surface after sintering, respectively.

FIG. 14 is a graph illustrating the charge-discharge cycle
characteristics of lithium ion secondary battery of the present
invention.

FIG. 15 is a graph illustrating the dependency of conduc-
tivity on the volume mixing ratio of active material.

FIG. 16 is cross-sectional diagrams of a conventional
lithium ion secondary battery.

DESCRIPTION OF REFERENCE NUMERALS
AND SIGNS

1, 5, 9 laminate

13, 21, 101 battery

2,6,10, 14, 22, 43, 47, 103 positive electrode layer
4,8, 12,16, 24, 44, 46, 104 negative electrode layer
3,7,11, 15, 33, 102, 42, 45 solid electrolyte layer
17, 25, 48, 107 positive electrode terminal

18, 26, 49, 108 negative electrode terminal

19, 20, 27, 28 protection layer

31, 33, 36 PET substrate

32, 34, 37, 39 solid electrolyte sheet

35, 41 positive electrode sheet

38, 40 negative clectrode sheet

51 solvent

52, 54, 56 active material

53, 55, 57 conductive material

105, 106 collector layer

BEST MODE FOR CARRYING OUT THE
INVENTION

Best mode for carrying out the present invention will be
described in detail below.

As stated above, Patent Reference 2 insists that sufficient
contact area between active material and solid electrolyte
material cannot be ensured so as to fabricate high-perfor-
mance batteries unless solid electrolyte material is not mixed
in the materials to form electrode layers. And the manufac-
turing process of the battery described in the prior art includes
the process steps comprising pressure forming each of a posi-
tive electrode layer and a negative electrode layer, sintering
each of them, and stacking the positive electrode layer, an
electrolyte layer, and the negative electrode layer.

On the other hand, lithium ion secondary battery according
to the present invention is fabricated using a manufacturing
method comprising the steps of: coating and drying paste
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formed by dispersing material powder to form a green-sheet
(a sheet), stacking a green-sheet for positive electrode layer
and a green-sheet for negative electrode layer alternately
interposed by a green-sheet for solid, electrolyte layer to form
a laminate, and co-firing the laminate to form a sintered
laminate. Inventors of the present invention has discovered
that, by fabricating batteries according to the manufacturing
method, molecule strings which constitute the electrode layer
entwined and contact closely with molecules of the solid
electrolyte layer without hollow at the interface of each lay-
ers, so that sufficient wide contact area is ensured between
active material and solid electrolyte material, thereby
enabling to fabricate high-performance batteries without hav-
ing to mixing solid electrolyte material in the electrode layer.

In this specification, the term “electrode” refers to both of
a positive electrode and a negative electrode in a battery.
Mixture of active material and conductive material is used for
electrode material in a lithium ion secondary battery in the
present invention. Since electrolyte material is not mixed in
the electrode material, it is possible to increase the amount of
active material content in the electrode, to increase battery
energy density, and to reduce electrode impedance.

Furthermore, inventors of the present invention have evalu-
ated a battery fabricated using several different conditions of
mixture ratio of positive electrode active material to conduc-
tive material as material for preparing paste, and have discov-
ered that a high-performance battery with the highest conduc-
tivity, the highest discharge capacity can be fabricated when
the volume mixing ratio of active material to conductive
material ranges from 20:80 to 65:35. They have studied the
cross-section of battery fabricated by this condition using
SEM and EDS, then have discovered that the area ratio of the
active material to the conductive material ranges from 20:80
to 65:35 at the cross-sectional surface of the electrode layer,
which is the same as the volume ratio of active material to
conductive material. And when the mixture volume ratio of
conductive material is not less than 35%, it is found that
conductive material is distributed continuously in the cross-
section of electrode and active material is supported in the
matrix-like conductive material. To form such a matrix struc-
ture, it is found that a laminate has to be sintered at high
temperature of above 600° C. In the technology described in
Patent Reference 2, it is estimated that matrix-like conductive
material mentioned above was not formed since the amount
of conductive material in an electrode used was not sufficient
and the sintering temperature of 550° C. used was too low.

In this specification, the term “conductive matrix” or
“matrix-like conductive material” refers to a structure
wherein conductive material particles are 3-dimensionally
continuously connected with each other. The term “metal
matrix” refers to conductive matrix where the conductive
material is metal. And also, the term “a structure wherein
active material is supported by conductive material” refers to
a structure wherein active material particles are distributed in
conductive material particles which are 3-dimensionally con-
tinuously connected with each other. It makes no difference if
the active material particles are distributed continuously or
discontinuously, but it is preferable that they are distributed
uniformly in the electrode. In addition, the term “particles are
3-dimensionally continuously connected” is used if only the
particles are connected 2-dimensionally continuously con-
nected in at least one plane, even when a part of them may not
be connected in other plane.

Even when small amount of additive is mixed as electrode
material in addition to active material and conductive mate-
rial, it is possible to make an electrode structure to be con-
ductive matrix wherein active material is supported, and to
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fabricate high performance batteries with high discharge
capacity by mixing active material and conductive material as
paste material with a mixture ratio in the range of 20:80 to
65:35, if the amount of additive is not so much as the amount
of active material and/or conductive material is reduced nota-
bly.

Both of positive electrode layer and negative electrode
layer or any one of them can be formed using the material
which is mixed by active material and conductive material
with preferable mixture ratio to fabricate a high performance
battery. It is effective for the process simplification and the
process cost reduction only if the technology is applied for
any one of positive electrode layer and negative electrode
layer.

[Structure of Battery]

FIG. 1 (a)-(e) are cross-sectional diagrams of lithium ion
secondary battery of the present invention, that illustrates the
structure of a laminate and a battery, including the variations
thereof.

FIG. 1(a) is cross-sectional diagram of the most basic
structure of a laminate. A laminate 1 is formed by a positive
electrode layer 2 and a negative electrode layer 4 which are
stacked alternately interposed by a solid electrolyte layer 3. In
case that a laminate is formed after a positive electrode layer
or a negative electrode layer are formed on a solid electrolyte
layer, which is the case as battery manufacturing method
mentioned below, a structure having a solid electrolyte layer
at bottom surface and an electrode layer at top surface is a
structure fabricated with minimum fabrication steps. In FIG.
1(a), 3 battery cells are illustrated if a laminate where one
positive electrode layer and one negative electrode layer are
stacked is counted as one battery cell. A lithium ion secondary
battery according to the present invention can be applied not
only for the battery where 3 battery cells are stacked as shown
in FIG. 1(a), but also for batteries where any number of
battery cells are stacked. It is possible to adjust the number of
battery cells to form a battery in a wide range according to the
required discharge capacity and current specification of a
lithium ion secondary battery. The number of battery cells
ranges preferably from 2 to 500, and more preferably from 5
to 250 to make full use of the merit of the present invention.
In FIG. 1(a), for example, a positive electrode layer sticks out
at the left side of the laminate and a negative electrode layer
sticks out at the right side of the laminate, which is a prefer-
able structure for parallel-type batteries or series-parallel
combination type batteries where electrode terminals are dis-
posed at the side surface of a battery. The technology accord-
ing to the present invention can be applied not only to a
parallel-type battery as shown in FIG. 1 but also to a series
type batteries or a series-parallel type battery.

FIG. 1(b) shows a structure wherein a solid, electrolyte
layer 7 is disposed at the top surface and at the bottom surface
of a laminate 5.

FIG. 1(c) shows a structure wherein a positive electrode
layer is disposed at the top surface of a laminate 9 and a
negative electrode layer is disposed at the bottom surface
thereof. In the laminate with a structure shown in FIG. 1(¢),
electrode layers can be disposed in contact with conductive
electrode terminals all along the top and bottom surfaces,
which is accordingly effective to lower the impedance of
battery cells.

FIG. 1(d) shows a cross-section of lithium ion secondary
battery 13 wherein electrode terminals are disposed on the
side surface of a laminate as shown in FIG. 1(a), and protec-
tion layer is disposed. A positive electrode terminal 17 and a
positive electrode layer 14 are electrically connected at the
left side surface of a battery 13, and a negative electrode
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terminal 18 and a negative electrode layer 16 are electrically
connected at the right side surface thereof. The function of a
protection layer disposed at the outer surface of a battery is to
protect a battery electrically, physically, and chemically.
Material for a protection layer is preferably material which is
environment-conscious having properties of excellent elec-
trical isolation, durability, humidity resistance. In particular,
it is preferably ceramics or resin.

[Material to Produce Battery]

(Active Material)

Active material to form an electrode layer of a lithium ion
secondary battery according to the present invention is pref-
erably material which effectively emits and absorbs lithium
ions. For example, it is preferably transition metal oxide and
transition metal composite oxide. In particular, it is preferably
lithium manganese composite oxide, lithium nickel compos-
ite oxide, lithium cobalt composite oxide, lithium vanadium
composite oxide, lithium titanium composite oxide, manga-
nese dioxide, titanium oxide, niobium oxide, vanadium
oxide, tungsten oxide. Specifically, lithium manganese com-
posite oxide and lithium titanium composite oxide have prop-
erty of small volume change and they are hard to cause
pulverization and abrasion of electrode, so they can be pref-
erably used as active material.

There is no clear difference between positive electrode
active material and negative electrode active material. Elec-
tric potentials of two chemical compounds are compared and
one chemical compound with higher electric potential can be
used as positive electrode active material and the other chemi-
cal compound with lower electric potential can be used as
negative electrode active material.

(Conductive Material)

Conductive material to form an electrode layer of a lithium
ion secondary battery according to the present invention is
preferably material with high conductivity. For example, it is
preferably oxidation-resistant metal or alloy. Here, oxidation-
resistant metal or alloy refers to those with conductivity of
higher than 1x10* S/cm after sintering in the atmospheric
ambient. In particular, it is preferably metal selected from the
group consisting of silver, palladium, gold, platinum, alumi-
num, or alloy composed of more than two metals selected
from the group consisting of silver, palladium, gold, plati-
num, copper, aluminum. In particular, it is preferably AgPd.
To be more precise, it is preferably mixture powder of Ag
powder and Pd powder or powder of AgPd alloy.

Same compound or different compound can be used as
conductive material for being mixed with active material to
form each of a positive electrode layer and a negative elec-
trode layer. It is preferable to select and use conductive mate-
rial, mixture ratio, and process condition suitable for each of
positive electrode and negative electrode.

(Electrolyte Material)

Electrolyte material to form a solid electrolyte layer of a
lithium ion secondary battery according to the present inven-
tion is preferably material with low electron conductivity and
high lithium ion conductivity. And it is preferably inorganic
material which can be sintered at high temperature in atmo-
spheric ambient. For example, it is preferably at least one
compound selected from the group consisting of lithium sili-
cate phosphoric acid (Li; 5Si; 5Py 5sO,), lithium titanium
phosphoricacid (LiTi, (PO,),), lithium germanium phospho-
ric acid (LiGe, (PO,);), Li,0—Si,, Li,0—V,0,—Si0,,
Li,0—P,0,—B,0;, Li,0—GeO,. Furthermore, it can be
material of compound doped with heterogeneous element or
Li,PO,, LiPO;, Li,Si0,, Li,Si0;, LiBO,, etc. And material
to form solid electrolyte layer can be crystalline, amorphous,
or glassy.
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[Manufacturing Method of Battery]

A sintered laminate to form a lithium ion secondary battery
according to the present invention is fabricated using a manu-
facturing method comprising the steps of: processing each
material for a positive electrode layer, a solid electrolyte
layer, a negative electrode layer, and any protection layer to
form paste, coating and drying the paste to form a green-
sheet, stacking the green-sheet to form a laminate, and sin-
tering the laminate.

Calcined inorganic salt, for example, can be used to pre-
pare positive electrode active material, negative electrode
active material, and solid electrolyte material for processing
to paste. The calcine temperature is preferably not lower than
700° C. for all of positive electrode active material, negative
electrode active material, solid electrolyte material. By pro-
cessing at this calcine temperature, chemical reaction of raw
material proceeds sufficiently and the function of each mate-
rial is ensured after co-firing.

A method to process to paste is not limited to any specific
means, but, for example, paste can be obtained by mixing the
powder of each above material in vehicle composed of
organic solvent and binder. For example, it can be obtained by
mixing LiMn,O, powder as positive electrode active material
and Ag and Pd metal powder as conductive material with
predetermined volume mixture ratio to form a mixture, dis-
persing the mixture in solvent and vehicle to form paste for a
positive electrode. Powder diameter (grain size) of positive/
negative electrode active material and conductive material are
preferably not greater than 3 pm. Powder diameter ratio of
positive/negative electrode active material to conductive
material is preferably from 1:50 to 50:1. When a battery is
fabricated using the above condition of powder diameter and
powder diameter ratio, conductive matrix is suitably formed
in the electrode by sintering, and active material is suitably
supported by the matrix, so as to effectively improve battery
performance and obtain effects such as impedance reduction
and discharge capacity increase. The volume mixture ratio of
active material powder to conductive material powder pref-
erably ranges from 20:80 to 65:35 AgPd used as conductive
material is preferably the metal powder mixture of Ag and Pd,
synthesized powder of AgPd fabricated by coprecipitation
process, or the powder of AgPd alloy. Using the above meth-
ods, each of the paste for positive electrode layer, solid elec-
trolyte layer, and negative electrode layer is prepared.

A green-sheet can be fabricated by coating the prepared
paste ona substrate such as a PET sheet according to a desired
order, optionally drying the coated material, and then detach-
ing it from the substrate. Paste coating method is not limited
to any specific one, but any known technology can be used
such as screen printing, coating, transfer printing, doctor
blade method.

Next, a laminate is fabricated by stacking each of prepared
green-sheet of a positive electrode layer, a solid electrolyte
layer, and a negative electrode layer according to a desired
order, a desired number of stacked laminate, optionally con-
ducting alignment or ablation. It is preferable to align and
stack a positive electrode layer and a negative electrode layer
so that the edge of the positive electrode layer and the negative
electrode layer does not line up, when a parallel type or
series-parallel combination type battery is produced.

Next, compression bonding is conducted on the fabricated
laminate together. The laminate is heated during compression
bonding at the temperature of 40° C. to 80° C. After compres-
sion bonding, the laminate is sintered, for example, in the
atmospheric ambient. The term “sintering” or “co-firing”
refers to a heating treatment for “sinter” The term “sinter”
refers to a phenomenon that solid powder aggregate gets hard



US 9,236,594 B2

11

to form dense object which is called “sintered body” when
heated at the temperature under melting point. Sintering tem-
perature preferably ranges from 600 to 1100° C. for the fab-
rication of a lithium ion secondary battery of the present
invention. Conductive matrix is not formed in an electrode
layer if the temperature is under 600° C., and a solid electro-
lyte layer will melt or the structure of positive/negative elec-
trode active material will degrade if the temperature is over
1100° C. Sintering time preferably ranges from 1 to 3 hours.

As the first concrete example of the manufacturing method,
a manufacturing method of a multiplayer all solid state
lithium ion secondary battery can be cited including the fol-
lowing process steps (1)-(5). FIG. 2 (a)-(e) are cross-sectional
diagrams of lithium ion secondary battery according to the
manufacturing method of the present invention.

Process step (1) Positive electrode paste including metal pow-
der and positive electrode active material, negative electrode
paste including metal powder and negative electrode active
material, and solid electrolyte paste including solid electro-
lyte powder are prepared.

Process step (2) Solid electrolyte paste is coated and dried on
a PET substrate 31 to form a solid electrolyte sheet (green-
sheet) 32 (FIG. 2(a)). A green-sheet will be called simply a
sheet below. Positive electrode paste is coated and dried on a
solid electrolyte sheet 34 to form a positive electrolyte sheet
35 (FIG. 2(b)). And also, negative electrode paste is coated
and dried on a solid electrolyte layer 36 to form a negative
electrode sheet 38 (FIG. 2(5)).

Process step (3): A positive electrode unit where a solid elec-
trolyte sheet and a positive electrode sheet are stacked is
prepared by detaching from the PET substrate. A negative
electrode unit is also prepared. Next, the positive electrode
unit and the negative electrode unit are stacked alternately to
form a laminate where a positive electrolyte sheet 43 and a
negative electrode sheet 44 are stacked alternately interposed
by a solid electrolyte sheet 42. At this time, optionally, the
positive electrode unit and the negative electrode unit is
stacked by alignment with a shift in order that the negative
electrode sheet is not exposed at one side of the laminate and
the positive electrode sheet is not exposed at the other side
thereof (FIG. 2(c)).

Process step (4): The laminate is sintered to form a sintered
laminate (FIG. 2(d)).

Process step (5): A positive electrode terminal 48 is formed at
the side of the laminate so as to contact with a positive
electrode layer 47, and a negative electrode terminal 49 is
formed at the other side of the laminate so as to contact with
a negative electrode layer 46. An electrode terminal (an
extraction electrode) is formed, for example, by coating
extraction electrode paste at each sides of the laminate, then
sintering it at the temperature range of 500° C. to 900° C. A
battery is completed, if necessary, by forming protection
layer at the outer surface of the laminate, which is not illus-
trated.

As the second concrete example of the manufacturing
method, a manufacturing method of a multiplayer all solid,
state lithium ion secondary battery can be cited including the
following process steps (1)-(4).

Process step (1): Positive electrode paste including metal
powder and positive electrode active material, negative elec-
trode paste including metal powder and negative electrode
active material, and solid electrolyte paste including solid
electrolyte powder are prepared.

Process step (2): Positive electrode paste, solid electrolyte
paste, negative electrode paste, and solid electrolyte paste are
coated and dried in sequence to form a laminate composed of
green-sheets. Atthis time, optionally, a positive electrode unit
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and a negative electrode unit is stacked by alignment with a
shift in order that a negative electrode sheet is not exposed at
one side of the laminate and a positive electrode sheet is not
exposed at the other side thereof.

Process step (3): If necessary, substrates used for the fabrica-
tion of green-sheets are detached, and the laminate is sintered
to form a sintered laminate.

Process step (4): A positive electrode terminal is formed at the
side of the laminate so as to contact with a positive electrode
layer, and a negative electrode terminal is formed at the other
side of the laminate so as to contact with a negative electrode
layer. A battery is completed, if necessary, by forming pro-
tection layer at the outer surface of the laminate.

[Mixture Rate of Electrode Material |

(Conductivity and Discharge Capacity)

A battery was evaluated which was fabricated using several
varied conditions of mixture ratio of active material to con-
ductive material which compose the battery. The detail will be
stated as follows.

Paste to form an electrode layer of the battery was prepared
by mixing active material powder and conductive material
powder using predetermined volume ratio, and dispersing
them in solvent and binder. Positive electrode layer active
material, negative electrode layer active material, and con-
ductive material which was mixed with active material was,
respectively, LiMnO,, Li,;Ti5;0,, and AgPd with weight
mixture ratio of 85/15. Meanwhile, paste to form solid elec-
trolyte layer was prepared by dispersing Li, 5Si, sP, sO, in
solvent and binder.

First, the evaluation result of conductivity and discharge
capacity of the battery will be explained.

FIG. 3 is a graph illustrating the dependency of conductiv-
ity and discharge capacity on the volume mixture ratio of
positive electrode active material. It was anticipated that
weight mixture ratio would contribute more than volume
mixture ratio to conductivity, so that conductivity was evalu-
ated with volume mixture ratio as a parameter. The evaluation
was conducted to the samples with positive electrode active
material/conductive material mixture ratio in the range of
0:100to 100:0. It was found that conductivity was sufficiently
high, battery impedance was effectively low, and discharge
capacity was sufficiently high, when positive electrode active
material was mixed with volume ratio in the range 020 vol %
to 65 vol %. Conductivity was higher than 1x10" S/cm within
this range of best volume ratio. Conductivity was also high
when the volume mixture ratio of active material was less
than 20 vol %, but discharge capacity was low because of
small amount of active material. And conductivity dropped
down rapidly when the volume mixture ratio of active mate-
rial was higher than 65 vol %.

FIG. 4 is a graph illustrating the dependency of conductiv-
ity and discharge capacity on the volume mixture ratio of
negative electrode active material. The evaluation was con-
ducted to the samples with negative electrode active material/
conductive material mixture ratio in the range of 0:100 to
100:0. It was found that conductivity was sufficiently high,
battery impedance was effectively low, and discharge capac-
ity was sufficiently high, when negative electrode active
material was mixed with volume ratio of 20 volt through 65
vol %. Conductivity was also higher than 1x10' S/cm with
this best volume ratio.

(Charge-Discharge Behavior)

FIG. 5 is a graph illustrating the dependency of charge-
discharge behavior on the volume mixture ratio of positive
electrode active material. Charge-discharge characteristics
was measured for batteries fabricated with volume mixture
ratio of positive electrode active material of 13.9, 29.7, 48.1
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vol %. As shown in FIG. 5, charge-discharge time will
increase which suggests that chargeable energy density will
increase when the amount of active material increases.

FIG. 6 is a graph illustrating the dependency of charge-
discharge behavior on the volume mixture ratio of negative
electrode active material. Measurement was conducted using
the same condition as the one used for FIG. 5. Charge-dis-
charge characteristic was measured for batteries fabricated
with volume mixture ratio of positive electrode active mate-
rial of 19.7, 37.7, 46.8 vol %. As shown in FIG. 6, charge-
discharge time will increase and the chargeable energy den-
sity will increase when the amount of active material
increases in a similar way as positive electrode active mate-
rial.

(Battery Cross-Section and SEM Image)

FIGS. 7 (a), (b) are SEM photographs green-sheet cross-
section of a positive electrode and a negative electrode,
respectively, before sintering. Volume mixture ratio of
respective active material is 35.5 vol % and 41.8 vol %. The
photographs show that coated and dried particles including
active material particles and conductive material particles are
uniformly dispersed in the paste, but are not connected each
other to form conductive matrix when the green-sheet is not
sintered.

FIG. 8-11 are SEM photographs of positive or negative
electrode cross-section after sintering. The volume ratio of
the positive electrode active material was varied from 15.1 vol
% to 72.3 vol %, and that of the negative electrode active
material was varied from 21.1 vol % to 81.1 vol %. Black part
and white part in the photographs are active material and
conductive material, respectively. The photographs show that
the area ratio of active material will increase and the conti-
nuity of conductive material will degrade when the volume
ratio of active material increases. Meanwhile, the area ratio of
conductive material will increase and its continuity will be
improved when the volume ratio of conductive material
increases.

FIG. 12 (a)-(c) are the explanatory diagram of cross-sec-
tional electrode structure for each step of manufacturing pro-
cess. These figures are drawn based on the photographs
shown in FIG. 7 through 11. FIG. 12(a) shows a state where
active material powder and conductive material powder are
mixed using predetermined mixture ratio and are dispersed in
solvent and binder. Active material particles 52 and conduc-
tive material particles 53 are uniformly dispersed in liquid.
Next, FIG. 12(b) shows a state where paste is coated and dried
and green-sheet is formed. Here, active material particles 54
and conductive material particles 55 are uniformly dispersed
and in close contact with each other, but the continuity
between each particles is not good, which suggest low con-
ductivity. Next, FIG. 12(c) shows a state where conductive
material particles 57 are densified by sintering and connected
continuously to form a matrix structure where active material
particles 56 are uniformly distributed and supported.

It is found that conductive matrix shown in FIG. 12(c) is
formed and conductivity of electrode increases and discharge
characteristics and discharge capacity are improved when a
battery is fabricated using electrode material which is the
mixture of active material and conductive material mixed
with volume mixture ratio (active material/conductive mate-
rial) in the range 0f 20:80to 65:35. And when a photograph of
electrode cross-section of the battery was observed, the area
ration, of active material and conductive material was also in
the range of 20:80 to 65:35.

(Difference from Similar Prior Art)

Patent Reference 3 describes that each of a positive elec-
trode active material layer and a negative electrode active
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material layer in an all solid state lithium secondary battery
may have a collector internally. The collector for positive
electrode may be thin film, or 3-dimensional net structure
(paragraph number [0093]). Also it describes that a collector
forms 3-dimensional net structure in a green-sheet obtained
using slurry (paragraph number [0131]). Furthermore it
describes that a desired weight ratio of material particles of
which the collector is made up included in the slurry to active
material ranges from 50/100 to 300/100.

The difference between the present invention and Patent
Reference 3 will be clarified as follows.

The mixture ratio of active material and conductive mate-
rial which is described as preferable in the technology dis-
closed in Patent Reference 3 is confirmed to be within the
range where the amount of active material is abundant and the
amount of conductive material is quite low compared to the
range of the best volume mixture ratio according to the
present invention (The ratio of active material to conductive
material ranges from 20:80 to 65:35.), when calculation is
conducted assuming appropriate material density. Therefore,
a battery fabricated using the best mixture ratio of active
material to conductive material described in Patent Reference
3 will not be expected to show excellent battery performance
since its impedance will be too high.

Furthermore, the inventors of the present invention have
demonstrated using SEM photograph and impedance mea-
surement data that conductive matrix is formed in electrode
layer only after the process including the process steps com-
prising: preparing paste by mixing active material and con-
ductive material using the best mixture ratio, forming green-
sheets using the paste, and sintering the green-sheets, and also
demonstrated that conductive matrix is not formed before
sintering, again using SEM photograph and impedance mea-
surement data. Meanwhile Patent Reference 3 describes that
a 3-dimensional net structure is formed in a green-sheet,
without using any data to prove the statement, and it does not
disclose a concrete method to form the 3-dimensional net
structure in a green-sheet and a concrete and detail structure
thereof. In addition, Patent Reference 3 does not show imped-
ance measurement data of a battery having the 3-dimensional
net structure. Therefore it can be said that conductive matrix
of the present invention is different from the 3-dimensional
net structure described in Patent Reference 3.

EMBODIMENT

In the following, examples and a comparative example
regarding the present invention will be described. The present
invention is not limited to the following examples. In addi-
tion, the term “mixture ratio” refers to weight ratio, unless
otherwise noted.

Example 1
Preparing Positive Electrode Paste

LiMn,0O, fabricated using the following method was used
as positive electrode active material.

Li,CO; and MnCOj as starting material were weighed in
order that the mole ratio would be 1:4. After that, wet blend-
ing was conducted on the mixed material for 16 hours by ball
mill using water as solvent, and it was spin-dried. Obtained
powder was baked for 2 hours at 800° C. in atmospheric
ambient. Baked powder was broken into rough shatters, and
wet blending was conducted on the broken powder for 16
hours by ball mill using water as solvent, and it was spin-dried
to obtain positive electrode active material powder. Average
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grain size of the powder was 0.30 um. The composition of
obtained powder was confirmed to be LiMn,O, by X-ray
diffraction apparatus.

Positive electrode paste was prepared by mixing and dis-
persing the mixture of Ag/Pd as conductive material and
LiMn, O, as positive active material, ethyl cellulose as binder,
and dihydroterpineol as solvent with a mixture ratio of 100:
15:65 using 3 spindle roller. Beforehand, the mixture of
Ag/Pd and LiMn,O, was prepared with the volume mixture
ratio of 20:80 to 90:10. Ag/Pd was prepared by mixing Ag
powder with average grain size of 0.3 um and Pd powder with
average grain size of 1.0 pm with a mixture ratio of 85:15.

(Preparing Negative Electrode Paste)

Li, ;Tis 0, fabricated using the following method was
used for negative electrode active material.

Li,CO; and TiO, as starting material were weighed in
order that the mole ratio would be 2:5. After that, wet blend-
ing was conducted on the mixed material for 16 hours by ball
mill using water as solvent, and it was spin-dried. Obtained
powder was baked for 2 hours at 800° C. in atmospheric
ambient. Baked powder was broken into rough shatters, and
wet blending was conducted on the broken powder for 16
hours by ball mill using water as solvent, and it was spin-dried
to obtain negative electrode active material powder. Average
grain size of the powder was 0.32 um. The composition of
obtained powder was confirmed to be Li, ;Ti5/;0, by X-ray
diffraction apparatus.

Negative electrode paste was prepared by mixing and dis-
persing the mixture of Ag/Pd and Li, 5 Ti5/50,, ethyl cellulose
as binder, and dihydroterpineol as solvent with a mixture ratio
01 100:15:65 using 3 spindle roller. Beforehand, the mixture
of Ag/Pdand Li, ; Ti5 O, was prepared with the mixture ratio
of 60:40 Ag/Pd was prepared by mixing Ag powder with
average grain size of 0.3 pm and Pd powder with average
grain size of 1.0 um with a mixture ratio of 85:15.

(Preparing Solid Electrolyte Sheet)

Li, 5Si, 5P, sO, fabricated using the following method was
used for solid electrolyte material.

Li,CO;, Si0,, and Li;PO, as starting material were
weighed in order that the mole ratio would be 2:1:1. After
that, wet blending was conducted on the mixed material for 16
hours by ball mill using water as solvent, and it was spin-
dried. Obtained powder was baked for 2 hours at 800° C. in
atmospheric ambient. Baked powder was broken into rough
shatters, and wet blending was conducted on the broken pow-
der for 16 hours by ball mill using water as solvent, and it was
spin-dried to obtain lithium ion conductive inorganic material
powder. Average grain size of the powder was 0.54 um. The
composition of obtained powder was confirmed to be
Li; 5Si, 5P, 5O, by X-ray diffraction apparatus.

Lithium ion conductive inorganic material paste was pre-
pared by wet blending above obtained, powder, ethanol, and
toluene with a mixture ratio of 100:100:200 using ball mill.
Then polyvinyl butyral family binder and butyl benzyl phtha-
late having relative amount of 16 and 4.8, respectively, were
added to the obtained paste. The obtained paste was coated on
a PET film as a substrate by doctor blade method to form a
lithium ion conductive inorganic material sheet having a
thickness of 13 um.

(Preparing Paste for Extraction Electrode)

Ag powder and glass flit was mixed with a mixture ratio of
100:5, and ethyl cellulose as binder and dihydroterpineol as
solvent having relative amount of 10 and 60, respectively,
were added to the mixture. Then the mixture was mixed and
dispersed by 3 spindle roller to obtain an extraction electrode.
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Using above obtained pastes, a multilayer all solid lithium
ion secondary battery with a structure shown in FIG. 2 was
fabricated.

(Preparing Positive Electrode Unit)

Positive paste was printed having a thickness of 8 um by
screen printing on the above obtained lithium ion conductive
inorganic material sheet having a thickness of 13 um at the
opposite side of the PET film. Next the printed positive elec-
trode paste was dried for 5to 10 min. at 80to 100° C. to obtain
a positive electrode unit where positive electrode paste was
printed on the lithium ion conductive inorganic material
sheet.

(Preparing Negative Electrode Unit)

Negative paste was printed having a thickness of 8 um by
screen printing on the above obtained lithium ion conductive
inorganic material sheet having a thickness of 13 um at the
opposite side of the PET film. A negative electrode unit where
negative electrode paste was printed on the lithium ion con-
ductive inorganic material sheet was obtained.

(Preparing [aminate)

PET films were detached from each of obtained positive
electrode unit and negative electrode unit, and they were
stacked alternately interposed by lithium ion conductive inor-
ganic material to form a laminate with appropriate alignment
shift so that positive electrode collector protruded only at one
edge and negative electrode collector protruded only at the
other edge. The laminate was molded with pressure of 1000
kgf/cm?2 at 800° C. and cut to form a laminate block. There-
after, the laminate was sintered, to obtain a sintered laminate.
Sintering process was conducted with rate of temperature
increase of 200° C./hour in air up to 1000° C., then heated at
the temperature for 2 hours, and cooled down naturally. The
thickness of lithium ion conductive inorganic material, posi-
tive electrode unit, and negative electrode unit which com-
pose the sintered laminate was respectively 7 um, 5 um, and 6
pm. The height, width, and depth of the laminate were 0.1
mm, 8 mm, 8 mm, respectively.

(Forming Extraction Electrode)

Extraction electrode paste was coated on the edge surface
of the sintered laminate, and heated at 800° C. to form one
pair of extraction electrodes, and an all solid lithium ion
secondary battery was obtained.

Comparative Example 1
Preparing Positive Electrode Paste

Positive electrode paste was prepared by mixing and dis-
persing LiMn,O,, ethyl cellulose as binder, and dihydroter-
pineol as solvent with a mixture ratio of 100:15:65 using 3
spindle roller. Beforehand, LiMn,O, was prepared using the
same method of example 1.

(Preparing Negative Electrode Paste)

Negative electrode paste was prepared by mixing and dis-
persing Li,,;Tis5 ;O,, ethyl cellulose as binder, and dihydrot-
erpineol as solvent with a mixture ratio of 100:15:65 using 3
spindle roller. Beforehand, Li, ;Tis5;0, was prepared using
the same method of example 1.

(Preparing Collector Paste)

Collector paste was prepared by mixing and dispersing
AgPd, ethyl cellulose as binder, and dihydroterpineol as sol-
vent with a mixture ratio of 100:10:50 using 3 spindle roller.
Beforehand, Ag/Pd was prepared by mixing Ag powder hav-
ing an average grain size of 0.3 um and Pd powder having an
average grain size of 1.0 pum with a mixture ratio of 85:15.

Solid electrolyte paste, positive (negative) electrode active
material paste, collector paste, and positive (negative) elec-
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trode active material paste were coated and dried in sequence
to form positive (negative) electrode unit to form a laminate in
comparative example 1. Except for the structure of the lami-
nate, a battery in comparative example 1 was fabricated using
the similar method as a battery in example 1. The thickness of
solid electrolyte layer, positive electrode material layer, nega-
tive electrode material layer, and collector layer was 7 um, 5
um, 5 um, and 3 pm, respectively, in the laminate after sin-
tering.

(Evaluation)

Wire leads were eclectrically connected to respective
extraction electrode which was electrically connected with a
positive electrode unit and a negative electrode unit, and
evaluation of battery discharge capacity was conducted.
Charge current and discharge current were respectively 3 pA
and 3 pA and stop voltage during charge and discharge was
respectively 4.0V and 0.5V. Table 1 illustrates the evaluation
result.

Also the conductivity of positive electrode active material
for an electrode (positive electrode unit) in example 1 and the
conductivity of positive electrode active material in compara-
tive example 1 were evaluated. Table 1 also illustrates the
evaluation result.

TABLE 1

volume mixture ratio

of positive electrode conductiviy discharge capacity
active material [vol %] [S/cm] [LAh]

example 1 10 3.2x 10% 0.3

20 2.4x 10* 2.0

40 9.6x 10° 2.8

60 7.9% 10° 3.9

70 49%x 107 Battery does not

function

comparative — 7.7% 1072 1.5

example 1

As shown in table 1, a battery with a volume mixture ratio
of positive electrode active material in the range of 10 to 60
vol % fabricated in example 1 has shown high conductivity of
higher than 10" S/cm which is metal conductivity, and excel-
lent battery function was confirmed. In comparison, when the
volume mixture ratio is 70 vol %, conductivity increased
rapidly, and the battery did not function. It is estimated that
the reason why the battery did not function is due to low
conductivity of the electrode, because metal matrix under-
takes the similar role of collector in case of a conventional
battery. Meanwhile, discharge capacity showed a tendency to
be higher for higher volume mixture ratio of active material,
when compared at the active material volume ratio in the
range of 10 to 60 vol %. But a battery with active material
ratio of 10 vol. % is not practical. So, it is confirmed that the
best volume mixture ratio of positive electrode active material
ranges from 20 to 60 vol %.

In addition, batteries fabricated in example with positive
electrode active material volume ratio in the range of 20 to 60
vol % showed higher discharge capacity than a battery in
comparative example 1 even though the former has less active
material amount than the latter. This is estimated that a battery
in example 1 could make use of active material with high
efficiency since it has low internal impedance.

Example 2
A battery was fabricated having a positive electrode com-

prising mixture of active material LiCoO, and conductive
material Ag, and a negative electrode comprising mixture of
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active material Nb,Os and conductive material Ag, with vol-
ume mixture ratio of active material and conductive material
in the range from 0:100 to 100:0, and the conductivity of the
battery was evaluated. FIG. 15 is a graph illustrating the
dependency of conductivity on the volume mixture ratio of
active material. When the materials mentioned above are
used, it is also found that the measured battery has high
conductivity of not less than 1x10* S/cm, and effective reduc-
tion of battery impedance is achieved in case that the volume
mixture ratio of active material is not more than 65 vol %.

(SEM Image and EDS Image of Battery Cross-Section)

Battery cross-section was observed using FE-SEM and
component analysis using EDS was conducted for the pre-
pared battery in example 1 having positive electrode active
material mixture ratio of 60 vol %. FIG. 13 illustrates the
result. FIG. 14 illustrates the charge-discharge cycle charac-
teristics of a battery having positive electrode active material
mixture ratio of 60 vol %.

FIG. 13(a) is SEM image of battery cross-section after
sintering, and FIG. 13(5) is EDS image corresponding to the
SEM image in FIG. 13(a). According to these images, it is
confirmed that a positive electrode layer has a structure
wherein positive electrode active material LiMn,O, is sup-
ported in metal matrix of AgPd, and a negative electrode layer
has a structure wherein negative electrode active material
Li, 5 Tis 50, is supported in metal matrix of AgPd.

FIG. 14 is a graph illustrating the charge-discharge cycle
characteristics. Quite high coulombic efficiency of nearly
100% was observed for the battery prepared by example 1. On
the other hand, coulombic efficiency of a battery prepared by
comparative example 1 was 80%, which was fabricated by
stacking active material layer and collector layer without
mixing active material and conductive material.

In a battery according to the present invention wherein
conductive matrix is formed in an electrode, it is presumed
that excellent cycle characteristics illustrated in FIG. 14 is
obtained, since active material is entwined with conductive
material which works as a collector as illustrated in FIG. 13
and the separation of active material and conductive material
due to the volume change by intercalation-deintercalation
reaction which occurred in comparative example 1 is sup-
pressed.

INDUSTRIAL APPLICABILITY

As described above, a lithium ion secondary battery and
manufacturing method thereof according to the present
invention is effective for the simplification of manufacturing
process and the cost reduction thereof, and also effective for
the improvement of battery efficiency. It is suitably used for
providing low-cost high-performance small-sized large-ca-
pacity batteries, and greatly contributes especially in elec-
tronics.

The invention claimed is:

1. A solid state lithium ion secondary battery, comprising a
multilayer laminate in which a positive electrode layer and a
negative electrode layer are stacked and alternately inter-
posed by a solid electrolyte layer,

said positive electrode layer and/or said negative electrode

layer having a structure where active material is sup-
ported by a conductive matrix comprising conductive
material,
wherein the volume ratio of said active material to said
conductive material is in a range of 20:80 to 65:35,

the conductive material is an oxidation resistant metal or
oxidation resistant alloy having an electrical conductiv-
ity greater than 1x10'S/cm after sintering, and

the battery does not comprise a collector layer.
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2. The battery according to claim 1, comprising a plurality
of battery unit cells, each unit cell comprising said laminate,
and connected in parallel, in series, or in series-parallel com-
bination.

3. The battery according to claim 2, wherein said laminate
is formed by stacking said positive electrode layer, said solid
electrolyte layer, and said negative electrode layer to form
said laminate, and then co-firing said laminate.

4. The battery according to claim 2, wherein said active
material comprises a transition metal oxide or transition
metal composite oxide.

5. The battery according to claim 2, wherein said active
material comprises one or more compound selected from the
group consisting of: lithium manganese composite oxide,
lithium nickel composite oxide, lithium cobalt composite
oxide, lithium vanadium composite oxide, lithium titanium
composite oxide, manganese dioxide, titanium oxide, nio-
bium oxide, vanadium oxide, and tungsten oxide.

6. The battery according to claim 1, wherein said laminate
is formed by stacking said positive electrode layer, said solid
electrolyte layer, and said negative electrode layer to form
said laminate, and then co-firing said laminate.

7. The battery according to claim 6, wherein said active
material comprises a transition metal oxide or transition
metal composite oxide.

8. The battery according to claim 6, wherein said active
material comprises one or more compound selected from the
group consisting of: lithium manganese composite oxide,
lithium nickel composite oxide, lithium cobalt composite
oxide, lithium vanadium composite oxide, lithium titanium
composite oxide, manganese dioxide, titanium oxide, nio-
bium oxide, vanadium oxide, and tungsten oxide.

9. The battery according to claim 1, wherein said active
material comprises a transition metal oxide or transition
metal composite oxide.

10. The battery according to claim 9, wherein said active
material comprises one or more compound selected from the
group consisting of: lithium manganese composite oxide,
lithium nickel composite oxide, lithium cobalt composite
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oxide, lithium vanadium composite oxide, lithium titanium
composite oxide, manganese dioxide, titanium oxide, nio-
bium oxide, vanadium oxide, and tungsten oxide.

11. The battery according to claim 1, wherein said active
material comprises one or more compound selected from the
group consisting of: lithium manganese composite oxide,
lithium nickel composite oxide, lithium cobalt composite
oxide, lithium vanadium composite oxide, lithium titanium
composite oxide, manganese dioxide, titanium oxide, nio-
bium oxide, vanadium oxide, and tungsten oxide.

12. The battery according to claim 1, wherein said conduc-
tive material comprises a metal selected from the group con-
sisting of: silver, palladium, gold, platinum, aluminum and an
alloy of more than two metals selected from the group con-
sisting of silver, palladium, gold, platinum, copper, and alu-
minum.

13. The battery according to claim 1, wherein:

said active material in said positive electrode layer is

lithium manganese composite oxide,

said active material in said negative electrode layer is

lithium titanium composite oxide, and
said conductive material is silver palladium.
14. The battery according to claim 1, wherein the multi-
layer laminate has been sintered at a temperature between
600-1100° C.
15. The battery according to claim 1, wherein the conduc-
tive material has an electrical conductivity of greater than
1x10°S/cm after sintering.
16. The battery according to claim 1, wherein said positive
electrode layer and said negative electrode layer each have a
structure where active material is supported by a conductive
matrix comprising conductive material,
the volume ratio of said active material to said conductive
material in the positive electrode is in a range of 29.7:
70.3 to 48.1:51.9, and

the volume ratio of said active material to said conductive
material in the negative electrode is in a range of 37.7:
62.3 t0 46.8:53.2.
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